After some preliminary tests, two leaching stages of fly ash to recover vanadium, molybdenum and nickel were selected. A first stage was an alkaline leaching of fly ash to recover vanadium and molybdenum followed by a second stage using sulfuric acid leaching of the residual ash to recover nickel.
Introduction
Two fundamental reasons underline the interest of metals recovering from waste ash: First, reduction of pollution source. Metals as V, Ni, Mo,. . . etc. were found to be leached out of the waste ash contaminating water and soil [1, 2] . Second, the economic value of the recovered metals seems to be very attractive.
Many technological process have been proposed to recover V, Ni, Mo,. . . etc. from fly ash, but most literature on this subject is in the form of patents [3, 4] . Each ash has its own identity, depending on the characteristics of the burned oil and the place of ash formation, which involves development of an appropriate treatment to recover such metals. Recovery of vanadium and nickel from fly ash can be achieved by acid [5] [6] [7] , alkaline [8] [9] [10] or water leaching [11, 12] .
A process was developed [5] at Canadian Petrofina Ltd. for large scale production of vanadium from fly ash, the process consists of leaching the fly ash with sulfuric acid to dissolve vanadium and filtrating the resulting slurry. The vanadium was separated from the filtrate by oxidizing to pentavalent state with sodium chlorate and precipitating with ammonia. The hydrated pentoxide was dried, fused and cast into flakes. The author does not indicate any solution purification operation that leads to 99% of pure pentoxide.
Other authors [8] consider that acid leaching is inefficient for vanadium dissolution and they propose an alkaline leaching using a high concentration of NaOH that gives about 94% of vanadium recovery. After vanadium recovery, the remaining ashes contain 15% nickel; the latter can be recovered by leaching with 30% H 2 SO 4 .
H. Ottartun [13] used H 2 SO 4 coming from the solvent unit extraction to leach the ash. During leaching, vanadium is kept in its tetravalent state by feeding SO 2 to the solution. Solvent extraction of (V +4 ) is performed with 20% di-(2-ethylhexyl) phosphoric acid and 15% tributylphosphate. The raffinate is returned to the leaching stage.
Our main objective is to systematically investigate the optimum conditions of V, Mo and Ni recovery from fly ash produced from heavy oil-fired electrical power stations, which gives the best yield of leaching and purity of the final product.
Experimental
Leaching agents used were orthophosphoric acid (85%), sulfuric acid (96%), perchloric acid (70%) from Fluka, nitric acid (65%) from Merck, ammonium sulfate (99%) from Sharlau, sodium hydroxide (99%) from Analr and sodium carbonate (99%) from Prolabo. Mineral composition of the solutions obtained by digestion of the fly ashes was determined by AAS vario6 (Analytik jena).
Fly ashes were collected from Damascus thermal power station between the radiant furnace and the stack (local temperature 160 to 180 o C); the thermal power station is not fitted with an electrostatic precipitator. Prior to leaching, a mass of ash was ground and mixed during 12 hours time to render the solid homogeneous. Three samples from this mass were digested at the same conditions and analysed to determine the mineral composition of the fly ash and verify the homogeneity of the ground ash. Results are shown in Table 1 . Preliminary tests were performed to provide information about the best leachant for recovering V and Ni from the ash. Leaching was carried out at reflux temperature for 4 hours using either: water, phosphoric acid, nitric acid, hydrochloric acid, perchloric acid sulfuric acid or sodium hydroxide. The leachant concentration was 8 M, the temperature 100 o C and liquid to solid ratio was 4. The slurry was filtered and the filtrate was analysed by A.A.S. Table 2 shows that acids leaching are effective but non selective process for vanadium dissolution. In fact the final leaching solution is accompanied by many other impurities. On the other hand alkali leaching of vanadium is effective and selective process, where only vanadium and molybdenum were dissolved by the alkali.
Tab. 1. Chemical composition of raw fly ash

Results and Discussion
In order to obtain a high selectivity and yield of vanadium and nickel recovery, two leaching stages process of fly ashes were carried out. uid(mL)/solid(g) ratio (L/S), and sodium hydroxide concentration). From Figs. 1, 2, 3, 4 we conclude that the best operating conditions to obtain high yield of V recovery and good concentration of V in the leach liquor is: ([NaOH] = 8M, L/S = 5, T = 100 o C, mixing time = 3h). Leaching efficiency was more than 85%.
A block diagram for recovery of vanadium and molybdenum from fly ash is given in Fig. 5 . Fly ash was leached with 8 M sodium hydroxide to dissolve vanadium and molybdenum, at 100 o C and liquid to solid ratio equals to 5. After 3 hours of mixing the slurry was filtered and the residual ashes were sent to the second stage leaching. The final leaching solution containing vanadium and molybdenum was cooled to 5 o C for 1 hour under mild agitation; alkali-precipitate containing vanadium and trace of molybdenum was precipitated. The precipitate was separated from the leach solution by filtration. More than 90% of the leached vanadium was precipitated, while the filtrate containing sodium molybdate was acidified with 30% nitric acid to adjust the pH to 1 and heated to 80-90 o C. Molybdenum was precipitated from the filtrate as molybdic acid (H 2 MoO 4 ).
In order to produce V 2 O 5 , the sodium vanadate was dissolved in 5% HNO 3 to get a solution with a pH = 8, solid ammonium sulfate was added to the solution. Ammonium meta vanadate produced was precipitated, separated by filtration and decomposed at 500 o C for 24 hours to yield vanadium pentoxide of purity of 99%.
2.Second Stage Leaching with Sulfuric Acid Solution
After the vanadium and molybdenum recovery, the remaining ashes still contain some 15% of nickel; the latter can also be recycled by leaching with sulfuric acid solution. Some preliminary tests were carried out to study the effect of temperature, mixing time, L/S ratio, and the sulfuric acid concentration on acidic leaching. From Figs. 6, 7, 8, 9 we conclude that the best operating conditions to obtain 80% of nickel recovery are:
[
A block diagram for recovery of Ni from the residual ashes is given in Fig. 10 . The residual ash coming from the first leaching stage was leached for a second time with 8 M sulfuric acid solution at 100 o C, liquid/solid ratio was 4. After 4 hours of mixing the slurry was filtered, the pH was adjusted to 2 with NaOH 8M. Vanadium, iron and some trace of nickel were precipitated and removed by filtration, the precipitate was treated with 8M NaOH to dissolve vanadium and send it to the first stage leaching while the pH of the filtrate was adjusted to 6 with 8M NaOH. Iron and trace of vanadium and nickel were precipitated and separated by filtration and sent to the waste. Finally the pH of the filtrate was adjusted with 2M sodium carbonate to 7, where more than 85% of the nickel was precipitated as NiCO 3 . 
Conclusions
The recovery of vanadium, nickel and molybdenum from fly ashes produced from heavy oil-fired electrical power station was achieved using two stages leaching process which consists of an alkaline leaching to dissolve vanadium and molybdenum followed by sulfuric acid leaching to recover nickel. The yield of vanadium recovery was more than 90% while nickel recovery was 80%. A selective precipitation in stages has permitted to obtain a high purity of vanadium and nickel recovery. This process will be continuously examined later on a micro pilot scale.
